Twinning is an important deformation mode of hexagonal close-packed metals. The crystallographic theory is based on the 150-years old concept of simple shear. The habit plane of the twin is the shear plane; it is invariant. Here we present Electron BackScatter Diffraction observations and crystallographic analysis of a millimeter size twin in a magnesium single crystal whose straight habit plane, unambiguously determined both the parent crystal and in its twin, is not an invariant plane. This experimental evidence demonstrates that macroscopic deformation twinning can be obtained by a mechanism that is not a simple shear. Beside, this unconventional twin is often co-formed with a new conventional twin that exhibits the lowest shear magnitude ever reported in metals. The existence of unconventional twinning introduces a shift of paradigm and calls for the development of a new theory for the displacive transformations.
with the introduction of the "disconnections" 14, 15 . All these cited models are based on the shear paradigm; they have dominated the theoretical developments of deformation twinning over the last seventy years.
The formation of {101 ̅ 2} extension twins without straight shear plane was recently observed by insitu Transmission Electron Microscopy (TEM) in magnesium nano-pillars 16 . The twins are characterized by a parent/twin misorientation of 90° around the a-axis, instead of 86° for the conventional extension twins in bulk magnesium. These observations, and earlier molecular-dynamic simulations of the nucleation stage of extension twinning 17, 18 , lead some researchers to propose a new twinning mechanism based on "pure shuffle", or equivalently "zero shear" 16, 19 . This mechanism is the subject of an intense debate 20 . One way to reduce the controversy was to admit that the "zero shear" mechanism "distinctively differs from any other twinning modes" and that "this should not be deemed as the failure of the classical theory" 19 . Is that correct? Is the unconventional (90°, a) twin an exotic case limited only to extension twinning in hcp metals, and even more specifically to the nucleation step or to nano-sized samples? It was recently shown that the unconventional "zeroshear" (90°, a) and conventional shear (86°, a) twins actually result from the same distortion because they differ just only by an obliquity correction 21 . The model assumes that the atoms move as hardspheres, and it calculates for a given orientation relationship the analytical forms of the atomic trajectories, lattice distortion, and volume change. A similar approach was used to model {101 ̅ 1} contraction twinning 22 . The volume change is a direct consequence of the hard-sphere assumption. Indeed, the Kepler conjecture (demonstrated by Hales 23 ) implies that all the intermediate states between an hcp structure and its twin have a density lower than that of hcp. The volume change is not negligible; for magnesium, it is 3% for extension twinning 21 and 5% for contraction twinning 22 . The same approach was used for martensitic transformations between fcc, bcc and hcp phases 24 . It should be noted that a volume change is not compatible with a simple shear. Beside the volume change, the calculations proved that the habit plane is not invariant; it is untilted but distorted, and restored only when the process is complete. Thus, one can ask whether for some twins the interface plane could be transformed into another crystallographic plane. This would then confirm that deformation twinning in hcp metals is not the result of a simple shear distortion. Here we present the experimental proof that such an unconventional twin exists; it is millimeter-sized and appears in a bulk magnesium single crystal. It will be also shown that this twin is often co-formed with a new conventional twin on {213 ̅ 2} plane that exhibits the lowest shear value ever reported for hcp metals.
A piece of magnesium single crystal was cut with a diamond saw, mechanically polished and then electro-polished. Bands of twins are visible in optical microscopy at the side where the sample was cut. A second cut was performed perpendicularly to the first one, and here again, large bands of twins appeared at the cut side, which shows that the twins were induced by friction during the cutting step. The two cut sections are called A and B in the rest of the paper. Electron BackScatter Diffraction (EBSD) maps were acquired on the area containing the larger twins in the A and B sections. They are shown in Fig. 1 and Extended Data Fig.1 , respectively. In order to facilitate the identification of the twins all along this manuscript, some colors were attributed to the different types of twins, independently of the absolute orientation of the sample. The parent single crystal is colored in grey and the conventional extension twins in blue. New twins, colored in green, are formed close to the conventional extension "blue" twins. They are often co-formed with twins colored in yellow, orange and red. The green and yellow/orange/red twins are twins that have never been reported in literature.
Before detailing the crystallographic characteristics of these new twins, it is worth recalling, with the example of the conventional extension blue twins of Fig. 1 , how crystallographic information can be read from the experimental EBSD data and their associated pole figures. The extension twins are identified in the EBSD maps by their (86°, a) misorientations with the parent crystal, as shown by the rotation of 86° around the a-axis marked by the dashed circle in Fig. 2b and c. The atomic displacements during extension twinning are such that the basal {001} plane and prismatic {100} plane are exchanged, as illustrated by the exchange between of the positions of the planes marked by the triangles and squares in the pole figures shown in Fig. 2a and b. The habit plane of the extension twins is the "diagonal" {012} planes located between these two planes. Indeed, the traces of the habit planes agree perfectly with the expected {012} planes, as shown by the fact that spots marked by circles in Fig. 2d are perpendicular to the trace of the extension twins noted HPE1 and HPE2 in Fig. 1 . The same results are obtained with the EBSD map acquired on section B, shown in Extended Data Fig.1 , with pole figures in Extended Data Fig.2 . The {012} habit plane of the extension twins appears in the EBSD map as a plane that is both untilted and undistorted, i.e. fully invariant, in agreement with the simple shear theory, but actually, if the process of lattice distortion is considered in its continuity, the atomic displacements are such that the {012} plane cannot be maintained invariant during the distortion; it is only restored when the distortion is complete 21 . The conventional extension blue twins do not provide a direct footprint of this continuous process, and the {012} interface appears as if the {012} plane had been invariant through the process. The situation will be shown to be different with the "green" twins.
The long millimeter-sized green twins shown in the EBSD map of Fig. 1 are misoriented from the parent crystal by a rotation angle 58° with a spreading of  4° and a rotation axis close to a + 2b. This misorientation appears in the histogram of Fig. 1b and c. Twins with similar misorientations already appeared in the histograms of some previous studies 25, 26 , but their crystallographic analysis is very recent 27, 28 . Ostapovets et al. 27 interpret them as the result of a complete double {012}-{012}
twinning in which there is no retained traces of the first {012} twins. A different mechanism was proposed in which the lattice distortion is modelled as a one-step process without the need of a hypothetical intermediate {012} twin 28 . Whatever the model, it is agreed 27, 28 that there is a strong link between these (58°, a+2b) twins and the (64°, a+2b) {112 ̅ 2} twins frequently observed in titanium, and that these twins are not predicted by the general theory of twinning 8, 9 or by the dedicated Westlake-Rosembaum model 29, 30 . Following our study 28 , it will be assumed that the (58°, a+2b) twins result from a unique distortion that is geometrically represented with the supercell X 2 YG shown in Fig. 3a . When the parent lattice is rotated by (58°, a+2b) the supercell becomes close to the initial one, as illustrated in the projection along the axis OY = a+2b of Fig. 3b . The (58°, a + 2b) prototype configuration is special because the parent vector , with the indices "p" and "gr" given in reference to the parent and green twin bases. In addition to the parallelism of the directions, the lengths of the vectors are such that ‖ 2 ‖ ≈ ‖ ′ 2 ‖, ‖ ‖ = ‖ ′‖ and ‖ ‖ ≈ ‖ ′‖. The (58°, a+2b) twins is only a stretch prototype close to the green twins observed in Fig. 1 . From a theoretical point of view, its role is similar to the (90°, a) stretch prototype used in the atomistic model of the (86°, a) extension twin 21 , or to the Bain distortion used as a prototype stretch distortion of the fcc-bcc martensitic transformation in the Phenomenological Theory of Martensite Transformation (PTMC) 31 . The usual way to build a conventional twin from the prototype model is to add a small obliquity correction (few degrees) that compensates the tilt of an undistorted plane in order to make it fully invariant. After obliquity correction, the distortion becomes a simple shear. Calculations prove that there are only two possible planes whose tilt can be compensated by an obliquity correction; they are the planes (21 ̅ 2) and (1 ̅ 26) as detailed in separate papers 27, 28 . In both cases, the rotation axis of the obliquity compensation is = [120] . Geometrically, the (21 ̅ 2) and (1 ̅ 26) are the two diagonals of the OX 2 VG rhombus shown in Fig. 3c and d, respectively; they define two conjugate twinning modes. The shear vector is along the [101] direction in the (21 ̅ 2) twin mode, and along the [3 ̅ 0 1] direction in the (1 ̅ 26) twin mode, as illustrated by the green arrows in Fig. 3c and d. The shear magnitudes are the same for both modes and close to 0.11 for magnesium 27, 28 . The new parent-twin misorientation of the (21 ̅ 2) twin is a (63°, a+2b) rotation (the corrected obliquity was 4°), and the new parent-twin misorientation of the (1 ̅ 26) twin is a (57°, a+2b) rotation (the corrected obliquity was 1°). These two twins modes are not reported in the list of twins predicted by the classical shear theory 9 ; they are however conventional because their lattice distortions are given by simple shear matrices. By considering these theoretical results, one could expect that the habit planes of the green twins, noted HP1 and HP2 in the EBSD maps of Fig. 1 , and those of the twins in the EBSD map of Extended Data Fig.1 , are two equivalent planes in the family of the {112 ̅ 2} planes, or in the family of the {112 ̅ 6} planes. Surprisingly, this is not the case. The two HP1 and HP2 green twins have very close orientations (their disorientation angle is lower than 4°) but very distinct habit planes, whereas the models 27,28 predict only one habit plane per family. In the pole figures of Fig. 4 , the unique plane of type {112 ̅ 6} and the unique plane of type {112 ̅ 2} common to both the parent crystal and the green twin are encircled; and, as they are close to the x-axis, their trace on the EBSD map should be vertical in the EBSD map of Fig. 1 , which is clearly not the case (they are at more than 50° away from the vertical direction). So, what are the habit planes of the green twins? After some attempts we discovered that they are {212} planes of the parent crystal and {012} planes of the green twin crystals. This is shown in Fig. 5a and b by the fact that (i) the circles around the {012} pole are positioned exactly at the same positions as those of the {212} poles, and (ii) these common poles are perpendicular to the traces of the habit planes HP1 and HP2 of the green twins shown in the EBSD map of Fig. 1 (15) . This experimental result is of prime importance because contrarily to all deformation twins ever reported in bulk materials, the habit planes of the green twins are not invariant planes; they cannot result from a simple shear. They are thus called here "unconventional", and noted (58°, a+2b). Additional crystallographic information is required to get a better understanding of these new twins. It was found that that the green twins share with the parent crystal a common direction of type 〈201〉, i.e. 〈224 ̅ 3〉 in the four index Miller-Bravais notation, and that this direction, marked by a blue circle in The nine components of the obliquity-corrected distortion matrix, as function of the packing ratio, are given in Supplementary Equation (23). The new parent/twin misorientation of the obliquitycorrected twin is a rotation given in Supplementary Equation (25) ; the rotation angle is 60.7° and the rotation axis is less than 2° away from the a+2b axis. The difference of the orientation between the twins formed directly by the prototype model and those formed with the obliquity-corrected version is low (58.4° / 60.7°) and lies in the spreading of the misorientation histogram shown in Fig.  1b . This spreading exists for all observed green twins. It was noticed that the isolated green twins have a greater tendency to exhibit a 58° misorientation with the parent crystal, such as the one marked by green arrow in Fig. 1a , whereas the green twins that are co-formed with yellow twins tend to exhibit misorientations more centered in the range 60-61°; it is the case in the area marked by dashed green rectangle in Fig. 1a , as shown by the local misorientation histogram given in Fig. 1e . Gradient of orientations between 58° and 62° are rainbow-colored in Fig. 1d . The yellow twins seem to stabilize the unconventional green twins such that the condition 0 = (212) // (012) is fulfilled. The following part is devoted to the crystallographic properties of the yellow twins and their role in the stabilization of the green twins.
The yellow twins have a misorientation with the green twins with which they are co-formed close to (86°, a). This shows that the yellow twins are linked to the green twins by a sort of extension twinning. However, the yellow twins, as the green twins, also result from a deformation twinning mechanism of the parent crystal. The misorientation of the yellow twins with the parent crystal is found to be close to a rotation of 48° around an axis of type <241>, as illustrated in Fig. 1b and c for the EBSD map of section A, and in Extended Data Fig.1b and c for the EBSD of the section B. The habit planes with the parent crystal are the same as those of the green twin; they are {212} planes. Consequently, contrarily to the green twins for which the habit plane is a distorted plane {212} → {012} , the habit plane of the yellow twin is a restored plane {212} → {212} , as shown in the pole figures of Fig. 5b . Indeed, in this figure, the circle noted "HP1" is around the {212} plane that is common to both the parent and the yellow twins co-formed with the green twin lying along HP1 in Fig. 1 ; and the circle noted "HP2" is around the {212} plane that is common to both the parent and the red twin co-formed with the green twin lying along HP2 in Fig. 1 . These features are also observed with the three habit planes identified in the EBSD map of section B, as shown in the {212} pole figure of Extended Data Fig.3 of the yellow, orange and red twins co-formed with the green twins shown in Extended Data Fig.2 . Thus, the yellow twins are conventional because their habit plane is a crystallographic plane that is common to both parent and twin crystals. However, to the best of our knowledge, no twin with a shear plane of type {213 ̅ 2} has ever been reported by the classical models of deformation twinning 9 . It is thus important to get additional crystallographic information on this twin and its link with the green twin. It was noticed that the axis 0 = [02 ̅ 1] that was left invariant during the ( → ) twinning is also left invariant by the ( → ) twinning, i.e. this axis is common to the three crystals: the parent crystal, the green twin and the yellow twin. This is shown by the encircled directions in the pole figure Let us build a crystallographic model of the yellow twins. One could have imagined building such a model by considering that the yellow twins are extension twins of the green grains. However, it is mathematically impossible to build a conventional twin by composing the distortion matrix of the (58°, a+2b) unconventional green twin with that of a conventional (86°, a) extension twin because the terms in the former are irrational and those of the latter are rational, which means that their composition cannot give a rational matrix. This apparent issue is solved by considering that the yellow twins are not in a conventional extension twin relationship with the green grains, but with a relation that is derived from it by a small obliquity correction. The green twins induce a planar distortion (212) → (012) , and the obliquity-corrected extension twin should be such that it induces the reverse planar distortion (012) → (212) . The idea is therefore to maintain untilted the plane (012) and invariant the direction 0 = [02 ̅ 1] during ( → ) twinning. The calculations are detailed in section 3 of Supplementary Equations. They show that an obliquity of 1.1° around the common axis 0 is sufficient to make the conventional extension twins compatible with the experimental results. This obliquity is so small that it is not possible to distinguish whether the green/yellow relation is a conventional (86°, a) twinning or its derived version. The new distortion matrix and the misorientation matrix associated with the ( → ) relation are given in equation (40) , which is equal to 0.078 for ideal hard-sphere packing and 0.084 for magnesium. This twinning mode was not predicted by the classical theory of deformation twinning; the shear magnitude is, to our best knowledge, the lowest value ever reported for deformation twinning of metals.
In summary, the EBSD study on a saw-cut magnesium single crystal put in evidence unconventional millimeter-size twins localized close to conventional extension twins. The parent/twin misorientation is (58°, a+2b). This twin is unconventional because its habit plane is not invariant; it is a {212} plane untilted but distorted and transformed into a {012} plane. This twin is often co-formed with another twin and linked to it by an unconventional type of extension twinning. This co-formed twin is a conventional (shear) twin of the parent crystal, but the twin mode is new; the parent/twin disorientation is (48°,〈2 ̅ 21〉); and the calculations show that the associated distortion matrix is a {212} 〈5 ̅ 4 ̅ 7〉 shear with a magnitude of only 0.084. Some researchers recently proposed a "pure shuffle" model to interpret their observations of (90°, a) extension twins in magnesium nano-pillars, but they assumed that their discovery was limited to this special twin and was not a "failure of the classical theory". The present evidence of macroscopic unconventional twins with {212}  {012} interface calls for reconsidering the theory of deformation twinning because the initial paradigm of simple shear is not consistent with the present observations. An approach based on hard-spheres had been followed for the last years and applied to martensitic transformations and to extension and compression twinning in magnesium [21] [22] [23] [24] ; it proposes to shift the shear paradigm while preserving the essential displacive features of these transformations 32 . Once generalized and formalized, it could constitute one of the possible alternatives to the shear-based theories.
Methods
The magnesium single crystal was bought at Goodfellow Inc. It is the same sample as the one used in the theoretical study of extension twinning 21 . Two perpendicular cross-sections were cut and called A and B in the paper. The extension twins and the new twins studied are induced by the disk cutting with the abrasive disk saw. The two sections were mechanically polished with abrasive papers and clothes with diamond particles down to 1 m, and then electropolished at 12V with an electrolyte made of 85% ethanol, 5% HNO 3 and 10% HCl just taken out of the fridge (10°C). The EBSD map was acquired on a field emission gun (FEG) XLF30 scanning electron microscope (FEI) equipped with an Aztec system (Oxford Instruments). The EBSD maps were treated with the Channel5 software (Oxford Instruments). The blue, green and yellow/red colors were attributed to the twins by using 
The green twins can be found isolated, as marked by the green arrow, or co-formed with the yellow-red twins, as marked by the green rectangle. (d) Enlargement of a co-formation of green and yellow twins, with rainbow colors chosen to amplify the internal orientation gradients in the range (58°-64°). (e) Disorientation histogram of the zone (d) showing an average disorientation between the green twin and the parent crystal at 60.5°, and not 58°
as in the rest of the EBSD map. It is often necessary for the calculation to switch from the crystallographic basis to an orthonormal basis linked to this basis. In the case of an hexagonal phase, we call ℎ = ( , , ) the usual hexagonal basis, and ℎ = ( , , ) the orthonormal basis linked to ℎ by the coordinate transformation matrix ℎ :
Fig. 2. Pole figures of the map EBSD shown in Fig. 1 indicating some important crystallographic planes and directions related to the (86°, a) extension twins. The correspondence between the basal and prismatic planes is shown by the similar positions of the red rectangles and red squares in (a) and (b). The rotation axis between the parent and the twin is the a-axis marked by the dashed blue circle in (c); the rotation angle is 86°, as shown by the blue line between the two c-axes in (b). The habit planes are the {102} planes marked by the red circles and noted HPE1 and HPE2 in (d
where is the c/a packing ratio of the hexagonal phase. The matrix ℎ is commonly called structure tensor in crystallography. It can be used to express the directions into the orthonormal basis ℎ . For planes, it is ℎ * that should be used. We note O, the "zero" position that 
with ℎ given by equation (1) . Inversely, if the distortion matrix is found in ℎ and it can be written in ℎ by the inverse formula:
The misorientation matrix is defined by the coordinate transformation matrix ℎ → . This matrix allows the change of the coordinates of a fixed vector between the parent and twin bases. It is given by the vectors forming the basis of the twin ℎ = ( , , ) expressed in the parent hexagonal
The orientation of the twinned crystal is defined by the matrix ℎ → , but other equivalent matrices could be chosen. The equivalent matrices are obtained by multiplying ℎ → by the matrices of internal symmetries of the hexagonal phase, i.e. the matrices forming the point group of the hcp phase
The matrix ℎ → is a coordinate transformation matrix between two hexagonal bases; it is thus a rotation matrix. The rotation angle of a matrix ℎ → is given by its trace and the rotation axis is the eigenvector associated with the unit eigenvalue. However, one must keep in mind that ℎ → is expressed in a non-orthonormal basis, which implies that some usual equations related to rotations do not hold. For example, the inverse of a rotation matrix equals its transposes only in orthonormal basis. Using 
The correspondence matrix is used to calculate in the twin basis the coordinates of the image by the distortion of a vector written in the parent basis, i.e.
Construction of the distortion, misorientation and correspondence matrices
The crystallographic features of a twin model are determined by the choice of a supercell. This supercell defines a sub-lattice of the hexagonal lattice; and it is actually this sub-lattice that is linearly distorted by → ; the atoms inside the supercell do not follow the same trajectories as those at the corners of the cells; they "shuffle". The supercell is formed by three crystallographic directions A, B, C defining a matrix As ′ and express the same vectors, we get
with I the identity matrix. Building a crystallographic model dedicated to a specific twin consists in finding the appropriate vectors A, B, C of the supercell and finding how they are transformed into A', B', C'. The three important matrices previously defined can be calculated from the supercell.
The distortion matrix is expressed in by
As the distortion matrix is an active matrix; writing it in the basis ℎ leads to
The misorientation matrix
The correspondence matrix
as found in equation (5). It can also be decomposed into
As the coordinates of the supercell are not changed by the distortion
, and by using (7), we get
As the matrices and are constituted by the crystallographic directions forming the supercell, their values are integers. As the inverse of an integer matrix is a rational matrix, the correspondence matrix is a rational matrix.
Obliquity correction
It is usual in the crystallographic models of ferroelectrics to introduce an obliquity correction. This is a rotation with a small angle (few degrees) that is composed with a stretch distortion matrix in order to transform it into a simple shear matrix. An obliquity correction can be introduced to correct a small tilt on a plane and/or an small rotation of a direction. Here we need to introduce a general obliquity correction function ( , ′ 
It is a rotation matrix expressed in the orthonormal basis ℎ that transforms ( , ) into ( ′, ′). This rotation should be compensated by its inverse in order to put in coincidence the plane with the plane ′, and the direction with the direction ′ .
Definition of unconventional twinning
We call conventional twin a twin whose lattice distortion is expressed by a simple shear matrix. The habit plane of these twins is the shear plane, which is also the plane maintained fully invariant by the shear distortion. This means that for two non-collinear directions u and v of the plane g, i.e. such If the plane g is invariant, it is untilted. Therefore, a consequence of the existence of an invariant plane is
which means that is an eigenvector of ( → ) * .
It should be noted that (12)(13), but the reciprocal is not always true. As the plane is invariant, the volume change is completely given by 1/. If =1, there is no volume change, the shear is called "simple shear". In the more general case, the shear is sometimes called "invariant plane strain" (IPS) and not "shear" in order to distinguish it from pure shear (stretch). To our knowledge, all the deformation twins reported in literature till now are simple shear.
In the manuscript, we call unconventional twin a twin defined by a distortion matrix for which a plane is untilted, but not invariant. Mathematically it means that the distortion matrix checks equation (13) but not equation (12) . The untilted plane is transformed into a plane that is not equivalent to the initial one by any of the crystal symmetries; some of the directions contained in the plane are modified in length and/or angle. To our knowledge, unconventional twinning has never been reported till now.
Unconventional ( ) → ( ) twinning mode built by obliquity
correction of the (58°, a + 2b) prototype stretch twin 2.1. The (58°, a + 2b) prototype stretch twin
The calculations were performed with Mathematica (see Supplementary Data Part A). This twin mode is also largely described in a separate paper
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; only its main characteristics are recalled here.
Let us use the letter "p" for the parent crystal, and "gr" for the (58°, a+2b) twins colored in "green" in the EBSD maps. The → distortion is associated with the transformation 2 → ′ 2 , → ′, → ′ such that 
The values of the principal strains can be calculated in the cases of ideal hard-sphere packing and pure magnesium; they are (-4.2%, 0, +4.4%) or (-4.6%, 0, +4.8%), respectively.
The correspondence matrix is calculated by considering the vectors 2 , , and , and the vectors 2 ′, ′, and ′, in their respective hexagonal bases , i.e. by using the supercell 
The expressions of the correspondence matrix in the direct and reciprocal space are: The misorientation matrix is given by equation (5):
which is a rotation of angle ( 1 √1+ 2 ) = ( ), that is equal to 58.5° for hard-sphere packing and 58.4° for magnesium.
Some correspondences between some planes and directions of the parent and its twins calculated from the correspondence matrices in equation (17) are interesting to interpret the EBSD map. They are given in Table 1 . From this table, we tried two different approaches to build a model that could explain the green twins observed experimental EBSD maps. The first approach was the most intuitive one; it is based on the fact that the direction = [120] is invariant in the stretch twin model (see Supplementary   Table 1 ). However, after many attempts, this way was given up because all the habit planes we could predict contain the OY direction, which is not in agreement with the observations. A dissymmetry should be introduced in the system. The second approach was less intuitive; but it was revealed to fit perfectly with the observations, even for small details that were not noticed at the beginning. It is based on the correspondence between the (212) and (012) Table 1 ). The model, described in the next section, introduces an obliquity correction such that the plane 0 = (212) becomes untilted and the direction 0 = [02 ̅ 1] invariant.
Unconventional twin derived from the (58°, a + 2b) stretch twin prototype
The calculations were performed with Mathematica (see Supplementary Data Part B) .
The EBSD map shows that the habit plane of the green twin is not invariant; it is the plane (212) transformed into the plane (012) . These two planes are not equivalent. The modification of this plane comes from the transformation of the directions it contains, i.e. 
For a hard-sphere packing ratio  = √ 
As ℎ → differs from ℎ → only by the obliquity correction, the correspondence matrix given by equation (17) is not affected. The distortion ℎ → is unconventional as the untilted plane (212) , which is also the habit plane of the green twin, is not fully invariant but transformed into the plane (012) . The modes of plasticity required to accommodate this deformation are not the subject of the paper, but it is hoped that deeper TEM investigations and molecular dynamics simulations can bring important elements of responses. 
with = √(3 + 2 )(3 + 7 2 )
The rotation angle is
The rotation axis is a complex form of the packing ratio ; it slightly deviates from the axis OY = [120] hex . In the case of the ideal hard-sphere packing ratio, the rotation angle is A rotation equivalent to ℎ → that has for rotation axis is found by using a 6-fold rotation symmetry. In the basis ℎ , and noted by its Seitz symbol, this symmetry is 
Unconventional ( ) → ( ) twinning mode by obliquity correction of the (86°, a) twin
The experimental EBSD maps show that the extension "yellow" twins are often co-formed with the "green" twins and constitute green-yellow "stripes" as that in the green rectangle of Fig.1a . In the EBSD map acquired in the cross-section B, the yellow twins can also appear orange or red, as shown in the Extended Data Fig.1 . The striking point is that these the "yellow" twins are conventional twins of the parent "grey" crystal: their habit plane is the plane (212) , and this plane is common to both the parent and "yellow" crystal. The misorientation between the "yellow" twins and the parent "grey" crystal experimentally measured from the EBSD maps is a rotation of 48° around an axis close to a 〈241〉 direction, as shown in Fig.1b and c . To the best of our knowledge this twin has never been reported or predicted; which means that, even if conventional, there is not yet crystallographic model for it. In order to build such a model, additional information is required. We noticed that the misorientation between the yellow twins and the green twins is close to (86°, a) , with an interface plane close to {102}, which means that the yellow and green twins are linked by an kind of extension twin relation, or a twinning relation close to that one.
The crystallographic model of (86°, a) extension twinning in hcp metals was proposed by correcting the obliquity of a (90°, a) prototype stretch twin to maintain a plane {102} untilted
21
. The correspondence matrix written in the reciprocal space shows that among the five other equivalent {102} planes, one is also transformed into another {102} plane (by conjugation), and the four other ones are transformed into {212} planes. Some of these four {102} planes transformed into {212} planes are only slightly tilted during the extension twinning. Thus, it is possible, by adding an obliquity correction to a conventional extension twin, to change the conventional extension twin into an unconventional twin that transforms a {102} plane into a {212} plane without tilt. The green twin transforms a {212} plane into a {102} plane, and the yellow twin would transform back this {102} plane into a {212} plane, such that the yellow twin would leave invariant the {212} plane of the parent crystal, i.e. {212} = {212} , as observed in the EBSD maps. Before detailing the obliquity correction that will be applied to the conventional extension twin, let us determine the appropriate reference frame that should be used to express the extension twinning distortion matrix in order to be composed with the green twin.
The conventional (86°, a) twin in an adequate basis
The calculations were performed with Mathematica (see Supplementary Data Part C).
In order to build the unconventional yellow twin derived from a conventional (86°, a) extension twin, we have to quickly recall some the crystallographic details of this twin. The (86°, a) extension twin described in the paper 21 is an extension twin on the plane (01 ̅ 2) . This twin was shown to derive from a stretch prototype, called (90°, a) twin. Most of the calculations 21 were done by assuming an ideal hard-sphere packing ratio in order to determine the continuous form of the distortion. The calculations related to the general case depending on  were not explicitly detailed. Let us present them now. The distortion matrix associated with the (90°, a) twin is 
The distortion matrix (32) generates the conventional (86°, a) twin for which the invariant plane is (01 ̅ 2) . In order to continue working with coherent coordinates in the system formed by the "green", "yellow" and "grey" crystals, we need to use an extension twin such that, once combined with the green twin distortion (23), it yields a conventional twin on the (212) plane. A hexagonal symmetry is thus introduced; its choice will be justified a posteriori by the internal coherency of the calculations and by the perfect agreement with the experimental EBSD observations. This internal symmetry noted by its Seitz symbol is To be clearer, we have used in equation (34) a notation that specifies that the parent crystal is the green grain and that the yellow grains are linked to it by an extension twin (even if not yet corrected by the obliquity). Indeed, the parent index "p" is here "gr" and the twin index "t" is "gr".
The correspondence matrices in the direct and reciprocal spaces are Now that the appropriate basis is found to express the conventional extension twin, the additional obliquity correction required to get the planar distortion (012) → (212) without tilt can be determined.
The unconventional twin derived from the (86°, a) twin prototype
The calculations were performed with Mathematica (see Supplementary Data Part D).
The extension twin (34) leaves invariant the plane (102) and the direction [2 ̅ 2 ̅ 1] , and it transforms the plane (012) into the plane (212) by the correspondence matrix (35), but this plane is tilted. Now, we will build by obliquity correction of the conventional extension twin (34) an unconventional twin such that the plane (012) is transformed into the plane (212) without tilt, and such that the direction [2 ̅ 2 ̅ 1] becomes invariant. This twin, when composed with the unconventional "green" twin, will give a conventional twin relatively to the "grey" parent crystal. In order to determine the obliquity matrix, one could directly apply the general function (21), but we noticed that correcting the obliquity of the plane = (012) is sufficient to also correct the obliquity of the direction [2 ̅ 2 ̅ 1] , as detailed as follows. 
The obliquity rotation axis written in the hexagonal basis is
The rotation matrix required to compensate the tilt of the plane 0 = (012) can thus be calculated, but its analytical expression depending on the packing ratio is too large to fit the page width. In the case of ideal ratio, the obliquity rotation angle is ξ = ( In the case of ideal hard-sphere packing the distortion matrix takes the value: Now, let us define the crystallographic properties of the conventional (parent  yellow) twin. Its correspondence, distortion and orientation matrices are determined by combination of the matrices determined in the previous sections.
Composition of the correspondence matrices
The first correspondence 
Composition of the coordinate transformation matrices
The first coordinate transformation ℎ → is followed by the second coordinate transformation 
With the ideal hard sphere packing ratio, the disorientation matrix is rational 
And the rotation angle is  = ( 7 13 ) = 57.42°
As the rotation between the parent and yellow twins ( → ) is around the axis 0 = [02 ̅ 1] and as this direction is also left invariant by the rotation associated with the ( → ) twin and by the rotation associated with the ( → ) twin, it implies that the rotation angles should be linked by an addition. The rotation angles around the 0 axis are given in equations (28), (43) 
and thus also in the particular case of hard-sphere packing:
−ArcCos ( √  5  221 ) + ArcCos (−5 √ 5 221 ) = ArcCos (  7  13  ) 
